expression analysis allowed the identification of gene clusters with overrepresented binding sites for the three most important er-stress induced transcription factors, cHOP, xBP1 and ATF4. Such result was confirmed by the demonstration of ccl 4 -induced xBP1 splicing, upregulation of cHOP at mrNA and protein levels, and translocation of cHOP to the nucleus. Two observations indicated that cHOP may be responsible for ccl 4 -induced cell death: (1) Nuclear translocation of cHOP was exclusively observed in the pericentral fraction of hepatocytes that deteriorate in response to ccl 4 and (2) cHOP-regulated genes with previously reported pro-apoptotic function such as gADD34, TrB3 and erO1l were induced in the pericentral zone as well. Therefore, we compared ccl 4 induced hepatotoxicity in cHOP knockout versus wild-type mice. Surprisingly, genetic depletion of cHOP did not afford protection against ccl 4 -induced damage as evidenced by serum gOT and Abstract Since xenobiotics enter the organism via the liver, hepatocytes must cope with numerous perturbations, including modifications of proteins leading to endoplasmic reticulum stress (er-stress). This triggers a signaling pathway termed unfolded protein response (uPr) that aims to restore homeostasis or to eliminate disturbed hepatocytes by apoptosis. In the present study, we used the well-established ccl 4 hepatotoxicity model in mice to address the questions whether ccl 4 induces er-stress and, if so, whether the well-known er-stress effector cHOP is responsible for ccl 4 -induced apoptosis. For this purpose, we treated mice with a high dose of ccl 4 injected i.p. and followed gene expression profile over time using Affymetrix gene array analysis. This time resolved gene Electronic supplementary material The online version of this article
Introduction
The ability of cells to respond to toxic stress is critical for survival (Tabas and ron 2011) . A relatively large fraction of toxic compounds are known to induce endoplasmic reticulum stress (er-stress) (cribb et al. 2005; Jang et al. 2011; Ji et al. 2011; lafleur et al. 2013) . Many compounds that modify proteins will also induce er-stress. The accumulation of misfolded proteins in the er lumen activates three sensors located in the er membrane (Ire1α, PerK and ATF6) that signal adaptive responses to the cytosol and nucleus (Hetz 2012) . upon short-term activation, this signaling pathway termed unfolded protein response (uPr) mediates protective events. For example, activation of the kinase PerK results in phosphorylation of the elongation factor eIF2α, which results in massive repression of mrNA translation, thus reducing the load of protein synthesis at the er (Hetz 2012; ron and Walter 2007) . likewise, activation of Ire1α induces its rNAse activity, which causes the splicing of the mrNA encoding for x-box protein-1 (xbp1). This splicing generates a new open reading frame, which codes for a potent transcription factor (sxbp1) that controls the expression of genes involved in protein quality control, folding and entry to the er (Hetz et al. 2011; Malhi and Kaufman 2011) . However, after sustained or massive er-stress, proapoptotic pathways may become active (Hetz et al. 2011; Malhi and Kaufman 2011) . A key mechanism of er-stressinduced apoptosis is the induction of the transcription factor cHOP (Zinszner et al. 1998; Oyadomari and Mori 2004; Tabas and ron 2011) . Prolonged er-stress induces cHOP mrNA expression via all three uPr branches (Ire1α, PerK and ATF6) (Tabas and ron 2011; ron and Walter 2007) and then cHOP induces the expression of pro-apoptotic genes such as Bim and ero1l (Puthalakath et al. 2007; li et al. 2009 ), as well as represses that of antiapoptotic genes such as Bcl-2 (Mccullough et al. 2001) . Moreover, cHOP mediates other pathways leading to cell death, for example the induction of gADD34, a phosphatase that dephosphorylates eIF2α (Ma and Hendershot 2003; Marciniak et al. 2004) . recently, cHOP knockout mice have been established (Zinszner et al. 1998) . These mice are more resistant to er-stress-related cell death in several pathological models such as ethanol-induced hepatocyte injury (Ji et al. 2005 ), Parkinson's disease (Silva et al. 2005) , renal dysfunction (Zinszner et al. 1998) , diabetes (Song et al. 2008 ) and atherosclerosis (Thorp et al. 2009 ) (reviewed in Tabas and ron 2011) . Also for acetaminophen (APAP) induced hepatotoxicity, cHOP was reported to mediate a pro-damage role (uzi et al. 2013) . cHOP knockout mice were reported to show decreased liver necrosis and serum levels of liver transaminases AST and AlT and increased survival upon APAP intoxication (uzi et al. 2013) .
One of the most frequently applied animal models of hepatotoxicity is intraperitoneal (i.p.) administration of ccl 4 (Weber et al. 2003; Hoehme et al. 2010; Jaeschke et al. 2013) . In the past 20 years, more than 700 studies with ccl 4 and hepatotoxicity have been published. Similarly as APAP, ccl 4 is metabolically activated by cyP2e1 to produce the highly reactive intermediary trichloromethyl radical (Weber et al. 2003) , which attacks lipids and proteins causing lipid peroxidation and protein adducts godoy et al. 2013) . Moreover, ccl 4 is known to compromise the golgi apparatus and intracellular calcium homeostasis (Weber et al. 2003) . These reactions eventually lead to cell death, which in the liver is evidenced as the typical pericentral hepatotoxicity (Hoehme et al. 2010) . A major difference between ccl 4 and APAP is that the latter predominantly affects proteins, whereas ccl 4 also acts on lipids (Weber et al. 2003; Poli et al. 1990) . Surprisingly, the role of erstress has not yet been studied in the ccl 4 hepatotoxicity model. Here, we used gene expression profiling and genetic ablation of cHOP to determine if uPr is activated upon ccl 4 administration and whether cHOP plays a major role in cell death. Despite the robust induction of uPr, including translocation of cHOP to the nucleus, genetic ablation of cHOP failed to confer protection to the liver. These results suggest that the role of cHOP may be more complex and not exclusively pro-apoptotic as hitherto expected.
Materials and methods
Mice, ccl 4 and tunicamycin administration c57Bl/6 N and c57Bl/6 J male mice (8-12 weeks old) were obtained from charles rivers (Sulzfeld, germany). cHOP knockout mice (on a c57Bl/6J background) (Zinszner et al. 1998) were purchased from Jackson laboratories (Stock number 005530). Mice were fed ad libitum with Ssniff r/M-H, 10 mm standard diet (Ssniff, Soest, germany). All animal experiments were approved by the local ethics committee. Four to five mice were used for each time point. Mice received a single intraperitoneal injection of ccl 4 (1.6 or 0.132 g/kg body weight) dissolved in 0.5 ml olive oil as previously described (Hoehme et al. 2010) . c57Bl/6N mice were used for a time-course analysis of gene expression after a single ccl 4 administration. The liver tissue was collected after 2 h, 8 h and 1, 2, 4, 6, 8 and 16 days following ccl 4 administration. c57B/6J mice were used as wild-type counterparts for cHOP knockout mice to maintain a similar genetic background. For c57Bl/6J and cHOP KO mice, the livers were collected after 8, 24 and 78 h after a single ccl 4 administration as described above. As control, mice received 0.5 ml of olive oil intraperitoneally for 1 or 8 days. Healthy liver was collected from untreated mice. As a positive control for er-stress, c57Bl/6J mice received a single intraperitoneal injection of tunicamycin (5 mg/kg) dissolved in 0.1 % DMSO in PBS for 8 h. At the indicated time points, mice were anesthetized and blood was collected from the heart with a 25 gauge needle, using eDTA as anticoagulant, for analysis of the liver transaminases gOT and gPT in serum. Afterward, the liver was resected, washed in ice-cold PBS and sectioned for further analysis. For histological analyses, the left liver lobe was collected and fixed in 4 % paraformaldehyde for 48 h at 4 °c and embedded in paraffin. From the remaining liver tissue, sections of about 0.5 cm 3 were snap frozen in liquid nitrogen and stored at −80 °c for subsequent isolation of proteins or rNA.
Quantification of dead cell areas liver sections of 5 µm were obtained from paraffin embedded liver tissue using a microtome (Microm, Walldorf, germany) and mounted onto SuperfrostPlus slides for 20 min at 60 °c. The sections were deparaffinized by washing five times in rotihistol (carl-roth, Karlsruhe, germany), followed by hydration through a descending ethanol gradient. For identification of dead cell areas, the sections were stained with hematoxylin and eosin (H&e). Digital images of 100× magnification were acquired in an Olympus Bx41 microscope (Olympus, Hamburg, germany). Healthy areas (total tissue area), central vein areas and dead cell areas were quantified using the cell^M software (Olympus, Hamburg, germany). The total tissue area was determined as the whole image area minus the area corresponding to blood vessels (central and portal veins). Dead cell areas were determined as the areas where no hepatocyte nuclei were observed, minus the area corresponding to central veins (Suppl. Fig. 1 ). The percentage of dead cell area was determined as follows: (dead cell area/total tissue area) × 100. Quantifications were made on at least six independent fields of 390,000 µm 2 per liver section, using five mice per condition.
Immunohistochemistry
Deparaffinized 5 µm liver sections were rehydrated and boiled twice in a microwave oven for 7 min in 0.01 M citrate buffer pH 6.0 (carl-roth, Karlsruhe, germany). endogenous peroxidase was blocked by 15-min incubation in a solution of 15 % H 2 O 2 in methanol at room temperature. All further incubations were performed in a humidified chamber. unspecific binding sites were blocked with 3 % BSA/0.1 % Tween ® 20 in PBS for 30 min, followed by 15 min in avidin-biotin blocking reagent (Vector laboratories, Burlingame, uSA). The blocking solution was then dripped off carefully, and the tissue samples were incubated overnight at 4 °c with rabbit anti-cHOP polyclonal antibodies (sc-575, Santa cruz, Heidelberg, germany) in a 1:250 dilution in BSA 0.3 %/0.1 % Tween ® 20 in PBS. Afterward, the slices were washed three times in PBS for 10 min each and incubated for 1 h at room temperature with horse radish peroxidase-conjugated secondary anti-rabbit antibodies (Vector laboratories, Burlingame, uSA). Subsequently, the slides were washed three times for 10 min in PBS and incubated at room temperature for 5 min with DAB (Vector laboratories, Burlingame, uSA). Afterward, the slides were rinsed for 10 min under tap water and then counter stained using Mayer's hemalum (Merck, Darmstadt, germany) for 90 s, washed again for 10 min under tap water and then dehydrated using an ascending gradient of ethanol (70, 90, 95 and 100 %, 90 s each) and four times 90 s with rotihistol (roth, Karlsruhe, germany). Finally, the slides were mounted using entellan (Merck, Darmstadt, germany), allowed to air-dry and stored in the dark at room temperature until further analysis. The samples were analyzed on an Olympus Bx41 microscope, and images were acquired using the cell^M software (Olympus, Hamburg, germany).
Immunofluorescence
For detection of Trb3 by immunofluorescence, liver sections, 5 µm liver sections were deparaffinized and rehydrated as described above. Afterward, unspecific binding sites were blocked by incubation with 3 % BSA/0.1 % Tween ® 20 in PBS for 30 min at room temperature. Afterward removing the blocking solution, the sections were incubated overnight at 4 °c with anti Trb3 polyclonal antibodies (ST1032, Merck-Millipore, Darmstadt, germany) at a 1:100 dilution in BSA 0.3 %/0.1 % Tween ® 20
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in PBS. Subsequently, the antibody solution was removed and samples were washed three times for 10 min with PBS at room temperature. Afterward, the samples were incubated for 1 h at room temperature with secondary antibodies labeled with Alexa 555 (life Technologies, Karlsruhe, germany) at 1:100 dilution in BSA 0.3 %/0.1 % Tween ® 20 in PBS. After removing the secondary antibody solutions, the samples were washed three times for 10 min with PBS, and incubated with 4′,6-diamidino-2-phenylindole (DAPI, life Technologies, Karlsruhe, germany) at 0.5 ng/ ml for 30 min at room temperature, covered with a glass slide using Fluoreserve reagent (calbiochem-Merck, Darmstadt, germany) and allowed to air-dry for 30 min. For the simultaneous detection of cyPe1, DPPIV and liver sinusoidal endothelial cells (lSec), deparaffinized and rehydrated liver sections (5 µm) were incubated overnight with the following antibodies: rabbit polyclonal anti cyP2e1 (#HPA009128, Sigma, München, germany); goat polyclonal anti DPPIV (#AF954, rnDSystems, Wiesbaden-Nordenstadt, germany), all diluted 1:100 in BSA 0.3 %/0.1 % Tween ® 20 in PBS, followed by a 2 h incubation with cy3-labeled donkey anti-rabbit (Dianova, Hamburg, germany) and Alexa-488-labeled donkey anti-goat (Dianova, Hamburg, germany), diluted 1:100 in BSA 0.3 %/0.1 % Tween ® 20 in PBS. In addition, Alexa-647-labeled donkey anti-mouse antibodies (Dianova, Hamburg, germany) were used to detect the liver sinusoidal endothelial cells. Nuclei were stained with DAPI as described above. The tissues were examined on an Olympus FV-1000 confocal microscope (Olympus, Hamburg, germany). The excitation and emission wavelengths were used as specified by the manufacturer. rNA isolation and cDNA synthesis rNA was isolated from mouse liver tissue using the phenol/chloroform method (Trizol ® , Qiagen, Hilden, germany) according to the manufacturer's instructions. rNA concentration and integrity were determined spectrophotometrically in a Nanodrop ® 2000 (ThermoScientific, Waltham MA, uSA) and in a Bioanalyzer ® (Agilent, Waldbronn, germany), respectively. For complementary DNA synthesis, 2 µg of rNA were transcribed using the High capacity cDNA reverse transcription kit (Applied Biosystems, Darmstadt, germany). The resulting cDNA was diluted tenfold and used as template for Pcr or quantitative real-time Pcr.
rT-Pcr and quantitative Pcr
The Pcr detection of xbp1 was performed using primers spanning the region spliced by active Ire1α, using the following primer pairs (Forward 5′-gAAccAggAgTT AAgAAcAcg-3′, reverse 5′-AggcAAcAgTgTcAgA gTcc-3′) and conditions as reported in (Mao et al. 2004 ). The primers used Quantitative real-time Pcr was performed in an ABI Prism 7300 Sequence detection system (Applied Biosystems) using 500 ng of cDNA, TaqMan universal Pcr Master Mix and TaqMan the following primer probes: cHOP (Mm01135937_g1), Trb3 (Mm00454879_m1), ero1l (Mm00469296_m1), gADD34 (Mm01205601_g1), Bim (Mm00437796_m1), Bcl-2 (Mm00477631_m1) and gAPDH (Mm99999915_g1). The Pcr conditions were 50 °c for 2 min, 95 °c for 10 min, followed by 40 cycles of 15 s at 95 °c and 1 min at 60 °c for all Pcrs reactions. The relative mrNA content was normalized to gAPDH mrNA expression in each sample. For calculations of relative gene expression, the 2 −ΔΔct method was used (livak and Schmittgen 2001). The expression levels in ccl 4 -treated liver tissue were normalized to the levels of healthy liver tissue. The results shown correspond to means of three independent cell batches unless otherwise described.
Affymetrix
® gene array analysis Affymetrix gene array analysis was performed as previously described (Zellmer et al. 2010) , using the Affymetrix genchip ® Mouse genome 430 2.0 arrays (Santa clara, cA, uSA). Briefly, 5 µg rNA were transcribed into cDNA by oligo dT primers and reverse transcribed to biotinylated crNA with the gene chip IVT ® labeling kit (Affymetrix, High Wycombe, uK). cleanup of the IVT product was done using cHrOMA SPIN-100 columns (clontech, uSA). Spectrophotometric analysis was used for quantification of crNA with acceptable A260/A280 ratio of 1.9 to 2.1. After that, the crNA was fragmented using Affymetrix's protocol. labeled and fragmented crNA was hybridized to Mouse genome 430 2.0 Affymetrix genechips for 16 h at 45 °c according to the manufacturer's instructions. Microarrays were washed using an Affymetrix fluidics station 450 and stained initially with streptavidin-phycoerythrin. For each sample the signal was further enhanced by incubation with biotinylated goat anti-streptavidin followed by a second incubation with streptavidin-phycoerythrin and a second round of intensities were measured. Microarrays were scanned with an Affymetrix scanner controlled by Affymetrix Microarray Suite software.
Microarray processing and statistical analysis
Affymetrix gene expression data were pre-processed using 'affyPlM' packages ) of the Bioconductor Software (gentleman et al. 2004) . To obtain the genes with the most evidence of differential expression, a linear model fit was applied for each gene using 'limma' (linear Models for Microarray Data) packages of (Smyth 2005) and (gentleman et al. 2004) . Data obtained from healthy liver tissue were used as reference. The custom chip definition file from Brainarray (Dai et al. 2005 ) based on unigene ID's was used to annotate the microarrays. A false positive rate of a = 0.05 with FDr correction (Benjamini and Hochberg 1995) and a fold change greater than 2 was taken as the level of significance. The expression level for all deregulated genes can be found in Suppl. Table 1 . The gene array data were submitted to the Arrayexpress repository (european Bioinformatics Institute eMBl-eBI, Hinxton, united Kingdom) under accession number e-MTAB-2445.
Fuzzy clustering of gene expression profiles
The time-profiles of the differentially expressed genes in cultivated mouse hepatocytes were scaled between their respective absolute temporal extreme values to focus subsequent cluster analysis on the qualitative behavior of the expression profiles. The time series were clustered using fuzzy c-means (Bezdek and Hathaway 1992) (fuzzy exponent = 1.5; maximum number of iteration = 200; minimum cost function improvement = 10-10). The optimum number N of cluster was estimated by repeated calculation (number of iterations = 100) of the fuzzy cluster index 'Separation Index'. The results are shown in Suppl. Table 2 .
Promotor analysis
To identify transcription factors (TFs) whose binding sites are enriched in a given set of promoters, the algorithm PrIMA (Promoter Integration in Microarray Analysis (elkon et al. 2003) ) of the expander Software 6.1 (exPression ANalyzer and Displayer; (ulitsky et al. 2010) ) was used. genes that are significantly (p value cut off is 0.05) changed greater than twofold were used for analysis. All genes from mouse (ensembl release 42) were used as background set, the threshold of the p value was set to 0.01, and the region was scanned from −3,000 to +200. The results are shown in Suppl. Table 3 .
Western blot
Protein extracts and immunoblots were performed as previously described (godoy et al. 2009 ). Briefly, snap frozen liver tissue was homogenized by sonication in ice-cold radioimmunoprecipitation (rIPA) buffer (2 % NP40, 0.5 % DOc, 0.1 % SDS, 250 mM Nacl, 2.5 mM eDTA, 50 mM Tris pH 7.2) supplemented with protease and phosphatase inhibitors (Sigma, München, germany). The homogenates were incubated on ice for 30 min, and centrifuged for 10 min at 13,000 rpm, 4 °c. The clear supernatant containing solubilized proteins was collected in a pre-chilled 1.5 ml tube. The protein concentration in the collected extracts was determined by a bicinchoninic acid (BcA) protein assay (Pierce, rockford Il, uSA). 30-50 µg of protein extract were heat denaturated in reducing conditions for 5 min at 95 °c with laemli buffer. Afterward, the samples were chilled for 5 min by placing the tubes on ice and centrifuged for 1 min at 13,000 rpm. The samples were loaded and resolved in 10 % SDS-PAge gels and transferred to PVDF membranes. The membranes were blocked for 1 h with 5 % BSA in TBST buffer (pH 7.2), followed by overnight incubations at 4 °c with the following antibodies: monoclonal anti-cHOP (#2895), monoclonal anti p-eIF2α (#3597) both from cell Signaling (Danvers, uSA), diluted in 5 % BSA-TBST, at 1:1,000. Afterward, the membranes were washed three times in TBST buffer at room temperature, 10 min each, followed by incubation with horse radish peroxidase-labeled secondary antibodies (cell Signaling, Danvers, uSA) diluted 1:1,000 in 5 % BSA-TBST for 1 h at room temperature. Subsequently, the membranes were washed three times in TBST, 10 min, at room temperature. For loading control, the membranes were stripped in buffer, blocked again with 5 % BSA/TBST and incubated for 1 h with monoclonal anti β-actin antibody (A5441, Sigma, München, germany), washed and incubated with secondary antibodies as described above. Bands were detected by chemiluminescence using the Western lightning ecl substrate (Perkin elmer, Waltham MA, uSA) in a Fusion-Fx7 imager (Vilbert loumart, eberhardzell, germany) equipped with a ccD camera.
Results

ccl 4 induces er-stress and the cHOP-dependent machinery
To assess whether ccl 4 induces er-stress in mouse liver, we performed a single i.p. injection of 1.6 g/kg of ccl 4 and analyzed the tissue at early and late time points (from 2 h to 16 days after the single administration). Five mice were analyzed per time point. The histologic analysis revealed pericentral tissue damage between 8 h and 4 days, with complete regeneration by day 8 (Fig. 1a) . Also liver transaminases (Fig. 1b, c) and dead tissue areas (Fig. 1d) showed a transient increase between 2 h and day 2. Therefore, the time course of ccl 4 induced hepatotoxicity and signaling was similar as reported in previous studies (Hoehme et al. 2010) .
To obtain an unbiased overview of ccl 4 -induced gene expression alterations, we performed Affymetrix gene array analysis of mouse liver tissue. Five mice per time point (2 h to 16 days) were analyzed. We identified 1,492 genes whose expression was up-or downregulated at least twofold compared to healthy liver tissue (p ≤ 0.05; FDr adjusted) (Suppl. Table 1 ). To find candidate transcription factors that might be responsible for gene expression alterations, we defined clusters of genes with similar timedependent expression patterns by fuzzy clustering (Suppl. Table 2 ) and analyzed overrepresentation of transcription factor binding site (TFBS) in the promoters of those genes (Suppl. Table 3) . A heat map representation of the fuzzy clusters illustrated a time-dependent gene expression development with intense deregulations 2 h to 4 days after ccl 4 administration (Fig. 2a) . Interestingly, binding sites for xbp1, ATF4 and cHOP were significantly overrepresented in these early-induced gene clusters, suggesting that different branches of the uPr (Ire1α, and PerK) were activated (Suppl. Table 3 ). cHOP binding sites were overrepresented in clusters 5 and 6, which are characterized by a gene expression pattern with increased values between 2 and 8 h, followed by a return to control values between day 1 and 4 (Suppl. Table 3 ). This time course of genes with a cHOP binding site was also illustrated by heat map analysis (Fig. 2b) . The result of the biostatistical analyses could be confirmed by qrT-Pcr and Western blot (Fig. 3a,  b) , which indicated a strong induction of cHOP mrNA and protein, reaching a peak at 8 h after ccl 4 administration. We also observed an increase in eIF2α phosphorylation between 2 h and 2 days after ccl 4 injection (Fig. 3b) , which is dependent on the activation of the er-stress sensor PerK (ron and Walter 2007). Moreover, Pcr analysis showed the typical splicing of xbp1 mrNA between 2 and 8 h after administration of ccl 4 (Fig. 3b) , which reflects the activation of Ire1α.
As expected, nuclear translocation of cHOP was observed by immunostaining (Fig. 4) . The nuclear translocation of cHOP and the staining intensity were maximal at 8 h after ccl 4 administration. This correlated well with the qrT-Pcr and Western blot analysis of cHOP expression (Fig. 3a, b) . Furthermore, cHOP immunostaining showed a clear zonation with positive nuclear staining exclusively in hepatocytes of the pericentral region (Fig. 4b) . These results indicated that er-stress pathways are quickly activated in pericentral hepatocytes, where ccl 4 is metabolized to its toxic intermediary, suggesting that er-stress may play an important role in ccl 4 -induced liver injury.
cHOP knockout does not protect from ccl 4 -induced liver damage
The previous results clearly demonstrated that cHOP is transcriptionally induced and translocates to the nucleus of hepatocytes upon ccl 4 administration. Moreover, Trb3 and gADD34, genes previously shown to be involved in cHOP-dependent apoptosis (Ohoka et al. 2005; Fig. 5a ; Suppl. Table 3) . Indeed, immunostaining analysis revealed that Trb3 expression is rapidly induced in pericentral hepatocytes (Fig. 5b) . The restricted expression of cHOP and Trb3 in hepatocytes of pericentral regions suggests that cHOP and its downstream target genes might contribute to hepatocyte death upon ccl 4 administration. To test this hypothesis, we challenged cHOP knockout mice with 1.6 g/kg ccl 4 injected intraperitoneally and compared the extent of tissue damage to wild-type counterparts of the same genetic background (i.e., c57B/6 J). Five mice were analyzed per group and time point. Importantly, the expression of cyP2e1, which is the most important cytochrome in the bioactivation of ccl 4 to its reactive intermediary ccl 3 * (Weber et al. 2003) was equally distributed in pericentral areas on both wild-type and cHOP knockout mice (Fig. 6) , indicating that metabolization of ccl 4 should be comparable in both strains. Surprisingly, no significant differences for gOT and gPT were observed comparing wild-type and knockout mice (Fig. 7a) . Next, we analyzed the dead tissue area, which was defined by the Fig. 4 Nuclear translocation of cHOP illustrated by immunostaining. a liver tissue of mice treated with 5 mg/kg tunicamycin (Tm) for 8 h were used as positive control. representative staining of cHOP in mouse liver from control (healthy) mice or from mice treated with 1.6 g/kg ccl 4 for the indicated time are shown. Insets correspond to zoom of the wide field images. b Illustration that nuclear cHOP translocation occurs in the pericentral but not in the periportal region of the liver lobe. CV central vein, PV portal vein, BD bile duct area without nuclei of hepatocytes. After 1 and 3 days, the pericentral dead tissue area could clearly be distinguished from the periportal area containing surviving hepatocytes. The 8 h time point was not quantified, because degradation of hepatocyte nuclei was not sufficiently advanced at this stage. consistently with liver transaminases levels, quantification of the dead tissue area did not result in a significant difference between cHOP knockout and wildtype mice (Fig. 7b) .
The ccl 4 dose of 1.6 g/kg used in the previous experiments is very high. Since administration of too high doses might mask differences between knockout and wild-type mice, we repeated the experiment using the lowest dose of ccl 4 that still induces a measurable pericentral dead tissue . b Immunofluorescence analysis of Trb3 in mouse liver in response to ccl 4 . The pericentral staining pattern at 2 h is similar to that already described for cHOP in Fig. 4 . Although the time course of Trb3 mrNA expression is similar to that of cHOP, the zonal distribution of Trb3 in the liver lobules differs from that of cHOP. While a pericentral staining pattern is observed 2 h after ccl 4 administration (similar to that of cHOP), later time points show a periportal expression of Trb3   Fig. 6 expression of cyP2e1 and general liver architecture features in wild-type and cHOP knockout mouse liver. confocal laser scanning microscope pictures were taken from liver sections of wildtype and cHOP knockout healthy liver tissue stained with antibodies against cyP2e1, bile canaliculi (DPPIV) and the liver sinusoidal endothelial cell marker (donkey anti-mouse antibody). The pericentral expression of cyP2e1 (pseudocolored in white) was identical in wild-type and in cHOP knockout mouse livers. Similarly, no differences were observed in the general microarchitecture of liver sinusoids (in red) or bile canaliculi networks (green). CV central veins, PV portal veins area. To identify the lowest hepatotoxic dose, we downtitrated ccl 4 and obtained a convincing dose-response relationship in wild-type mice (Suppl. Fig. 2 ). For the comparison of knockout to wild-type mice, a dose of 0.132 g/kg was chosen. Again, cHOP knockout did not protect from ccl 4 -induced liver damage as evidenced by gOT, gPT (Fig. 7c) , as well as the dead tissue area (Fig. 7d) . On the contrary, a trend toward more damage was obtained for the cHOP knockout mice (Fig. 6) . This, however, should be interpreted with caution, because the difference depends on a single outlier.
evidence for compensatory mechanisms to cHOP deficiency recently, a number of cHOP-dependent, cell death-associated genes have been identified (Han et al. 2013 ). Therefore, we compared their expression in cHOP knockout and wild-type mice. Basal and ccl 4 -induced cHOP mrNA expression was detectable in the wild-type but not in cHOP knockout mice (Fig. 8) . For the apoptosis-associated gene Trb3 (Ohoka et al. 2005 ), a reduced expression was observed in knockout line after 8 h of ccl 4 administration (Fig. 8) . However, no reduction in the cell death-associated genes ero1l, gADD34 and Bim were observed in the cHOP knockout mice (Fig. 8 ). In the current study, we did not observe different Bcl-2 expression levels between cHOP knockout and wild-type mice. In fact, Bcl-2 also did not belong to the group of ccl 4 -responsive genes (Fig. 8 ).
In conclusion, the absence of cHOP did not result in abrogation of previously reported cHOP-dependent genes in this particular model of er-stress, suggesting that additional transcription factors may exert a compensatory mechanism.
Discussion
currently, large joint projects are establishing reporter cell lines, especially for hepatotoxicity testing (laurent et al. 2010 ; Benedetti et al. 2013; godoy et al. 2013) . cHOP represents a possibly important biomarker, since it indicates er-stress and has been reported to mediate adverse effects, for example APAP-induced hepatotoxicity (uzi et al. 2013 ). Similar to APAP, the present study shows that also ccl 4 activates er-stress pathways, namely Ire1α, PerK and ATF4. We observed an early transcriptional induction of cHOP in mouse liver already 2 h after administration of ccl 4 . This led to increased cHOP protein levels and nuclear translocation but exclusively in the pericentral region of the liver lobules. This zonation is plausible because ccl 4 is metabolically activated by cyP2e1, which is expressed only pericentrally (Sekine et al. 2011) . cHOP expression was exclusively observed in hepatocytes and not in sinusoidal epithelial cells, Kupffer cells, stellate cells or bile duct cells, probably due to the lack of metabolic activation of ccl 4 in these cells. Increased cHOP expression was accompanied by induction of a cluster of cHOP-dependent genes including Trb3, gADD34 and ero1l, which have been reported to mediate apoptosis (Tabas and ron 2011; li et al. 2009; Marciniak et al. 2004; Ohoka et al. 2005) . Therefore, it was surprising that cHOP knockout mice were not protected from ccl 4 induced hepatotoxicity. To verify the results, we analyzed different time points (2, 8, 24 and 72 h) and five mice per time points and additionally included a lower ccl 4 dose that exerts weak hepatotoxicity.
These negative results are in contrast to a recent publication using the same cHOP knockout mice strain (uzi et al. 2013) . The authors used identical readouts as in the present study, namely liver transaminases and quantification of the dead cell area. They report a large protective effect of the cHOP knockout leading to a tenfold lower dead cell area compared to wild type (uzi et al. 2013 ). This obvious discrepancy to the present study remains difficult to explain. Possibly APAP as applied by uzi et al. and ccl 4 as used in the present study may cause different responses. This has been shown for example by the different role of JNK signaling in both models, where JNK inhibitors protected against APAP but not ccl 4 -induced liver damage (gunawan et al. 2006 ). Nevertheless, it should be considered that in the present study ccl 4 also caused er-stress, with induction of cHOP and cHOP-dependent genes. In our study, we even observed a stronger xbp1 splicing induced by ccl 4 (Fig. 3b) compared to the effect induced by APAP [ Fig. 1 in (21) ]. Therefore, the discrepancy between APAP and ccl 4 requires further investigation.
Similar to APAP (Jaeschke et al. 2011) , also ccl 4 has been shown to induce apoptosis in hepatocytes (Horiguchi et al. 2010; Meng et al. 2010; Shi et al. 1998; Bansal et al. 2005) , although ccl 4 may also activate non-apoptotic pathways of cell death. considering the huge amount of the literature linking cHOP to apoptosis (Tabas and ron 2011; Zinszner et al. 1998; Oyadomari and Mori 2004; li et al. 2009; Silva et al. 2005 ), the present negative result is unexpected. A possible explanation may be a compensatory mechanism by other transcription factors. Therefore, we studied the expression of Trb3, ero1l, gADD34, Bim and Bcl-2, genes that have been reported to be cHOP-dependent (Tabas and ron 2011; Han et al. 2013) . In this study, er-stress was induced in fibroblasts, which led to induction of gADD34, ero1l and Trb3 expression. This induction was clearly reduced in cHOP knockout fibroblasts (Han et al. 2013) . In the present study, using ccl 4 and liver tissue, er-stress associated genes Trb3, ero1l, gADD34 and Bim were also induced. However, we did not observe reduced expression of ero1l, gADD34 and Bim in cHOP knockout mice. ero1 l was even higher induced in cHOP knockout compared to wild-type mice. Only the decrease in Trb3 as a consequence of the cHOP knockout could be confirmed, although the degree of reduction was milder compared to the effect reported by Han et al. (2013) . The liver is well known for its enormous repertoire of compensatory mechanisms (godoy et al. 2013) . Therefore, the lack of protection against ccl 4 -induced hepatotoxicity in cHOP knockout mice, suggests that in hepatocytes, cHOP can be compensated by alternative factors, such as ATF4.
A surprising result of this study was that we did not only observe an absence of a protective effect in the cHOP knockout mice, but rather an increased level of tissue damage (Fig. 6) . Transaminases, as well as the dead cell area after ccl 4 intoxication were slightly higher in cHOP knockout compared to wild-type mice. However, since the difference observed was small, it still should be interpreted with caution unless reproduced in a larger cohort of mice. However, it should be considered that besides cHOP, ccl 4 also induced the Ire1α pathway that may cause cell death by alternative pathways (Hetz and glimcher 2009; Hetz et al. 2011) , which remain to be studied in the context of ccl 4 .
In conclusion, the role of cHOP in hepatotoxicity may be more complex than hitherto expected and may not strictly be linked to apoptosis. The present study demonstrates that cHOP as a biomarker for er-stress-induced hepatotoxicity should be treated with caution, because at least in the case of ccl 4 it is not linked to cell death.
